Association studies on susceptibility to breast cancer using single nucleotide polymorphisms (SNP) in the progesterone receptor (PGR) gene have been previously published, but the results have been inconclusive. We used a comprehensive SNP-tagging approach to search for low-penetrance susceptibility alleles in a study of up to 4,647 cases and 4,564 controls, in a two-stage study design. We identified seven tagging SNPs using genotype data from the National Institute of Environmental Health Sciences (NIEHS) Environmental Genome Project and typed these, and an additional three SNPs, in 2,345 breast cancer cases and 2,284 controls (set 1). Three SNPs showed no evidence for association and were not studied further, whereas seven SNPs (rs11571171, rs7116336, rs660149, rs10895068, rs500760, rs566351, and rs1042838) exhibited significant associations at P < 0.1 using either a heterogeneity or trend test and progressed to be genotyped in set 2. After both stages, only one SNP was significantly associated with an increased risk of breast cancer -the PGR-12 (rs1042638) V660L valine to leucine polymorphism [VL heterozygotes (odds ratio, 1.13; 95% confidence interval, 1.03-1.24) and the LL homozygotes (odds ratio, 1.30; 95% confidence interval, 0.98-1.73), P het = 0.008, P trend = 0.002]. Similar estimates were obtained in a combined analysis of our data with those from three other published studies. We conclude that the 660L allele may be associated with a moderately increased risk of breast cancer, but that other common SNPs in the PGR gene are unlikely to be associated with a substantial risk of breast cancer. (Cancer Epidemiol Biomarkers Prev 2006;15(4):675 -82) 
Introduction
Progesterone is a key steroid sex hormone in the orchestration of female sexual development and reproductive activity (1) . Together with estrogen, it is important in the establishment and maintenance of pregnancy, pubescent mammary and epithelial development, and, through the stimulation of prolactin production (2) , mammary ductal branching and lobuloalveolar differentiation during pregnancy (3) .
The physiological actions of progesterone are mediated by the progesterone receptor (PGR) and many studies on the gene, located at 11q23, and translated protein have investigated their possible roles in tumorigenesis. The progesterone ligand binds to its steroid hormone receptor (4) and dimerizes. This complex works as a transcription factor, controlling the expression of downstream genes involved in mammary cell growth and differentiation. In addition, synthetic progestins, as well as the steroid hormones themselves, have been seen to lead to increased transcription of downstream oncogenic targets, such as c-myc and c-fos (5, 6) .
Loss of heterozygosity at 11q22-qter has been frequently seen in cervical, ovarian, and breast cancers and has been associated with higher-grade tumors and a more aggressive disease course (7) (8) (9) , indicating the existence of a tumor suppressor gene within this region and PGR is a good candidate. Similar correlations have been seen between tumor invasiveness and low levels of hormone (10, 11) or higher levels of receptor (12) (13) (14) . The majority of breast cancers stain positively for both PGR and estrogen receptor; receptor positivity is predictive of response to tamoxifen and overall survival. More recently, microarray studies have found PGRnegative tissue to have high levels of transcripts of genes associated with cell proliferation (15) .
The PGR gene is transcribed from two alternative promoters and translated into two different zinc-finger proteins, PR-A and PR-B. These differ by a 165-amino-acid NH 2 -terminal region present only in PR-B and known as the ''B upstream segment'' (16) . PR-B is a potent transcriptional activator and contributes to the proliferative effects of estrogen, whereas PR-A, the shorter isoform, is necessary to oppose the effects of both PR-B and the estrogen receptor (17, 18) .
The promoter region polymorphism +331 G>A has been reported to increase expression of the PR-B isoform and has been postulated to predispose women to breast cancer through increasing PR-B-dependent stimulation of mammary cell proliferation (19) , although a more recent study failed to find any association between this polymorphism and breast cancer risk in postmenopausal women (20) . Studies on endometrial cancer alone (21) and in combination with clear cell ovarian cancers (22) have also been inconclusive. Other work has associated the rare allele of this polymorphism with an increased likelihood of multiple failed embryo implantations during in vitro fertilization treatment (23) .
The other commonly studied PGR polymorphic variants are PROGINS and V660L. These polymorphisms are in perfect linkage disequilibrium with one another (R P 2 =1.0), so their effects cannot be distinguished using genetic epidemiology. The PROGINS polymorphism consists of a 306 bp Alu insertion in the G intron of the PGR gene, which always occurs with the L allele of the V660L polymorphism. The insert-carrying allele exhibits higher mRNA stability and is transcribed to a more stable and transcriptionally active protein (24) . The PROGINS insertion allele has been reported as inversely correlated with risk of breast cancer (25, 26) , ovarian cancer (27) , and endometriosis (28) in some populations, whereas in other studies, no association has been reported (29) (30) (31) .
The V660L polymorphism results from G>T substitution in exon 4 of the PGR gene. In the published studies undertaken to date, no significant association has been found between this polymorphism and risk of breast cancer (32) (33) (34) . One study of ovarian cancer (35) also failed to find an association, whereas another has shown an association of the L allele with an increased risk (36) . V660L has also been reported, along with S344T and H770L, to be associated with an increased likelihood of repeated miscarriage (37), suggesting that the resultant PGR protein does not function optimally. However, none of these effects can be attributable to one polymorphism or the other as they are in perfect linkage disequilibrium.
To evaluate whether there are common breast cancer susceptibility alleles in PGR, we have conducted a large case-control association study. We have used a comprehensive SNP tagging approach to identify and test SNPs that can evaluate the effect of all common SNPs in PGR.
Materials and Methods
Breast Cancer Case-Control Series. Cases were drawn from the SEARCH (Breast) Study, 3 an ongoing population-based study with cases ascertained through the East Anglian Cancer Registry. 4 All women diagnosed with invasive breast cancer under the age of 55 years between January 1, 1991, and June 30, 1996 , and who were alive at the start of the study (prevalent cases), as well as women ages <70 years who were diagnosed from 1996 onward (incident cases) were eligible for inclusion. Approximately 65% of eligible patients have enrolled in the study. Women taking part in the study were asked to provide a 20ml blood sample for DNA analysis and to complete a comprehensive epidemiological questionnaire. Eligible patients who did not take part in the study were similar to participants, except that, as might be expected, the proportion of clinical stage III/IV cases was somewhat higher in nonparticipants (Supplementary Table  S1 ). Controls were randomly selected from the Norfolk component of European Prospective Investigation of Cancer (EPIC; ref. 38) . EPIC is a prospective study of diet and cancer being carried out in nine European countries. The EPICNorfolk cohort comprises 25,000 individuals resident in Norfolk, East Anglia -the same region from which the cases have been recruited. Controls are not matched to cases, but are broadly similar in age, being ages 42 to 81 years. Ethical approval was obtained from the Eastern Multicentre Research Ethics Committee and informed consent was obtained from each patient.
To maximize efficiency, we used a two-stage study design (39) (40) (41) in which SNPs that are evidently not associated with breast cancer risk are dropped at the end of set 1. The staged approach substantially reduces genotyping costs without significantly affecting statistical power -a comparison is shown in Supplementary Table S2 . We carried out genotyping on an initial subset (set 1) of the first 2,345 enrolled cases with invasive cancer and 2,284 EPIC controls. The geographical and ethnic background of cases and controls was very similar, with over 98% being of Anglo-Saxon ancestry. The cases were aged 25 to 73 years at diagnosis (mean, 50.2; SD, 7.8). The controls were aged 44 to 81 years at blood collection and 3 to 5 years after enrollment (mean, 65.2; SD, 7.6). It has been possible to determine menopausal status from the questionnaire data for 2,034 cases (87%) and of these, 1,292 were premenopausal and 742 were postmenopausal at diagnosis.
SNPs that exhibited a difference in genotype distribution between cases and controls that reached a predefined threshold of P < 0.1, using either a 2 degree of freedom (df) heterogeneity test (P het ) or a trend test (P trend ), were further evaluated in a second subset of 2,302 cases from SEARCH and 2,280 controls from EPIC-Norfolk (set 2). All selection criteria were as for set 1. The set 2 cases at diagnosis were aged 23 to 70 years (mean, 53.3; SD, 9.3) and the controls were aged 43 to 81 years (mean, 62.3; SD, 8.6). Menopausal status has been determined for 1,930 set 2 cases (84%) and, of these, 1,563 were premenopausal and 367 were postmenopausal at diagnosis.
As there was no evidence for heterogeneity between set 1 and set 2, it was possible to combine the data for the two series.
Haplotype Block Definition and Tagging. Our principle hypothesis was that there are one or more SNPs in PGR that are associated with an increased or decreased risk of breast cancer. Thus, the aim of the SNP tagging approach was to identify a set of SNPs (stSNP) that efficiently tags all the known SNPs and is also expected to tag any unknown SNPs in the gene. The best measure of the extent to which one SNP tags another SNP is the pairwise correlation coefficient R P 2 because the loss in power incurred by using a marker SNP in place of a true causal SNP is directly related to this value. We aimed to define a set of tagging SNPs such that all known common SNPs (minor allele frequency >0.05) had an estimated R P 2 of >0.8 with at least one tagging SNP. However, some SNPs are poorly correlated with other single SNPs but may be efficiently tagged by multiple SNPs, thus reducing the number of tagging SNPs needed. As an alternative, we aimed for the correlation between each SNP and a group of tagging SNPs (R S 2 ) to be at >0.8. We used the University of Washington NIEHS Environmental Genome Project SNPs Program PDR90 resequencing data to identify tagging SNPs. 5 Two hundred forty-five SNPs were identified in the PGR gene, of which 81 were biallelic SNPs or insertion/deletion polymorphisms of <7 bp, with a minor allele frequency >5%.
The Graphical Overview of Linkage Disequilibrium package (42) was used to create a graphical summary of pairwise linkage disequilibrium patterns for the 81 eligible variants and, hence, to identify haplotype blocks (Fig. 1A) . 6 Tagging SNPs were selected using the TagSNPs program (43) . 7 This program uses the partition-ligation expectationmaximization algorithm to estimate haplotype frequencies based on the full set of 81 SNPs. An R S 2 value was obtained between every measured SNP and every possible set of stSNPs, where R S 2 is the expected squared correlation between an observed genotype at the SNP the genotype predicted on the basis of only the set of stSNPs. The optimal set of stSNPs was taken to be the smallest set that gave a minimum R S 2 of >0.8. Using this design, and assuming a minimum R S 2 of 0.8, this study had >85% power to detect, at a significance level of P < 0.0001, any dominant susceptibility allele with a frequency of z5% conferring a relative risk of at least 1.4, or a recessive allele with frequency z10% conferring a relative risk of at least 2.
Taqman Genotyping. Genotyping was done by 5Vnuclease assays (Taqman) using the ABI PRISM 7900HT Sequence Detection System according to instructions of the manufacturer. Primers and probes were supplied directly by Applied Biosystems (Warrington, United Kingdom) as either Assaysby-Design or Assays-on-Demand (PGR-07, PGR-09, and PGR-11 only), the details of which, along with the reaction conditions, are shown in Supplementary Table S3 . All assays were carried out in 384-well plate format, with each plate including negative controls (with no DNA) and positive controls duplicated on a separate quality control plate. Assays for which >98% of the duplicated samples did not give identical genotypes were discarded. Failed genotypes were not repeated.
Statistical Methods. Deviation of genotype frequencies in controls from the Hardy-Weinberg equilibrium was assessed by a m 2 test with 1 df. The primary tests of association were univariate analyses for each of the stSNPs. Genotype frequencies in cases and controls were compared using a 2 df, m 2 test for heterogeneity (P het ) and a 1 df Cochran-Armitage m 2 test for trend in risk by allele dose (P trend ). Genotype-specific risks were estimated as odds ratios (OR) using standard cross-product ratios, with confidence intervals (CI) calculated using the variance of the log (OR), estimated by the standard Taylor expansion.
Likelihood ratio tests to compare models of recessive, codominant, and dominant modes of SNP action were done using binary logistic regression to assess the log likelihood of each model compared with a general model.
Tests for interaction between genotype and menopausal status were carried out in a case only design using a m 2 test with 2 df. Under the assumption that genotype is not related to exposure (menopausal status), this provides a more powerful test of interaction than a full case-control analysis.
We compared the common haplotype frequencies (>0.05) in cases and controls using the haploscore program (44), implemented in S-plus. Haploscore computes score statistics (and hence significance levels) to test for associations between individual haplotypes and disease status, along with a global score test of association.
For the V660L polymorphism, we pooled our results with those from other published studies for the same SNP. A MantelHaenszel test was used to evaluate the difference in genotype frequencies between cases and controls, stratified by study. Genotype-specific ORs were estimated using logistic regression, with an appropriate test for heterogeneity between studies.
PupaSNP Finder. PupaSNP (putative phenotypic alterations caused by SNPs) is a web-based tool used as a means of The common haplotypes in set 1. 1, common/ancestral allele; 2, rare allele. Adjacent to each haplotype is the frequency in set 1 and below, the haplotype frequency in the Environmental Genome Project data (in italics). Frequencies have been derived from TagSNPs; however, the tree structure is assumed. n/a, we are unable to distinguish between these haplotypes in the Environmental Genome Project data as PGR-06 was not included in the tagging SNP selection process (minor allele frequency <0.05). The P values for test of difference in haplotype frequency between cases and controls, calculated using haploscore (in bold). A global test for difference in frequency of all 12 haplotypes gave m 2 = 13.5, 11 df, P = 0.26.
identifying potential phenotypic effects of SNPs at the level of transcription (45) . 8 The program uses submitted gene sequences or chromosomal coordinates to retrieve a list of SNPs that could affect conserved regions, such as intron/exon boundaries, exon splicing enhancers, and transcription factor binding sites. The SNP location data is based on the Ensembl genome browser map. 9 
Results
Defining Tagging SNPs. Two hundred forty-five variants were identified from the NIEHS Environmental Genome Project resequencing data. Of these, 81 were suitable for further evaluation. The Graphical Overview of Linkage Disequilibrium plot of DV with these data showed a single block of linkage disequilibrium with no evidence for recombination hotspots (Fig. 1A) . The TagSNPs program (43) was run on the set of 81 SNPs spanning the whole PGR gene region, and a set of eight stSNPs, which tagged the diversity of all the other common PGR SNPs, was chosen for further study (Fig. 1B) . One of the tagging SNPs (PGR-01) could not be made into a successful Taqman assay.
An additional SNP in the promoter region, +331G>A (PGR-06), was also selected for analysis. Although its rare allele frequency in the NIEHS PDR90 sample population was lower than our 5% threshold, this polymorphism was included because there were previous reports of its association with an increased risk of both endometrial and breast cancer (19, 21) . We also typed two additional SNPs that had been selected based on their genomic positions and rare allele frequencies before the availability of the NIEHS Environmental Genome Project resequencing data. These two SNPs were not present in the NIEHS data. Thus, a total of 10 SNPs were investigated in set 1.
Genotyping Set 1. The results of the set 1 genotyping in are summarized in Table 1 . There was no evidence for deviation of the genotype frequencies from Hardy-Weinberg equilibrium in controls, apart from PGR-04 where there was some evidence of an excess of rare homozygotes (P Hardy-Weinberg equilibrium = 0.03). Re-evaluation of the genotyping raw data shows nothing abnormal about the assay or genotype calls, and this seems likely to have been a chance finding. Seven of the SNPs, (PGR-03, PGR-04, PGR-05, PGR-07, PGR-10, PGR-11, and PGR-12) exhibited possible evidence for an association at P < 0.1 using either P het or P trend , and, therefore, fitted our criteria for further evaluation.
There was no evidence of a difference in haplotype frequencies between cases and controls (m 2 11 =13.5) using the global score test of haploscore (44) . We used the haploscore and the TagSNPs (43) programs to determine the haplotype arrangements of all 10 SNPs in our set 1 subjects (Fig. 2) . Two SNPs, PGR-05 and PGR-07, were found to be in perfect linkage disequilibrium (R p 2 = 1.0) with one another in the East Anglian population sample despite having tagged different haplotypes in the NIEHS Environmental Genome Project sample set. Thus, the redundant PGR-07 SNP was omitted from further investigation. We also selected PGR-06 (+331G>A) for evaluation in set 2 as it has been associated with breast cancer in other studies.
Genotyping Set 2. The results for the seven SNPs genotyped in both stages are presented in Table 2 . At the end of both stages, only one SNP, PGR-12 (V660L), showed a significant association with breast cancer risk. Relative to the common VV homozygote, the VL heterozygotes had an OR for developing breast cancer of 1.10 (95% CI, 1.00-1.21) and the LL rare homozygotes had an OR of 1.24 (95% CI, 0.93-1.65), with P het = 0.07 and P trend = 0.02.
Due to the ongoing nature of the SEARCH sample collection, we had accrued an additional 69 cases and 834 controls on completion of both stages, which we then also genotyped for the V660L polymorphism. The resultant ''All UK'' data (including the additional samples) showed somewhat stronger evidence of an association (OR VL/VV , 1.13; 95% CI, 1.03-1.24; OR LL/VV , 1.30; 95% CI, 0.98-1.73; P het = 0.008; P trend = 0.002; Table 3 ). There was no difference in genotype frequencies between prevalent and incident cases for V660L (P = 0.78; data not shown) and there is no association between V660L genotype and survival after diagnosis (P = 0.63; data not shown).
For the other six SNPs that progressed to set 2, the final genotype distributions did not show statistically significant differences. The most significant of the remaining SNPs was PGR-05 (P trend = 0.07, P het = 0.06) for which there was some suggestion of a higher risk associated with the CC genotype. A Meta-analysis of V660L. We did a combined analysis of the genotype frequencies associated with V660L using our own data and that from three published studies (refs. 32, 33, 36; Table 4 
Discussion
Several polymorphisms in the PGR gene have been previously examined for association with susceptibility to multiple cancers. However, these have generally been chosen in an ad hoc manner. In this study, by using a set of stSNPs, we have been able to interrogate the whole gene in an attempt to formally evaluate potential associations with all common variants or haplotypes and with breast cancer risk. We genotyped 10 SNPs that define the 10 common haplotypes in PGR. Of these SNPs, only one showed an association with breast cancer that was significant at the 5% level, the PGR-12 (V660L) G>T polymorphism in exon 4. Four other published studies have examined the effects of V660L on breast cancer risk and of the three with available data; two indicate an association of the L allele with increased risk (refs. 32, 33, 34, 36; Table 4 ). A combined analysis of the available studies suggests a codominant effect of the L allele, with no significant heterogeneity between studies. However, it should be emphasized that the size of the estimated ORs are moderate and despite the size of the combined data set (10,648 cases and 7,915 controls), the level of significance (P trend = 0.002 in our data, P trend = 0.027 in the combined data) is such that the association could still be attributable to chance. Thus, further evaluation in a larger case-control series will be required to confirm or refute this finding. Contrary to the report by De Vivo et al. (33) , there was no significant difference in genotype distribution between premenopausal and postmenopausal cases in our study (Supplementary Table S4 ), suggesting that this variant has a similar effect on risk in both groups.
Because of the danger of false positives due to multiple testing, we consider it unwise to attempt interaction and subgroup analyses until the main genetic effect is fully established (46) and so we have generally avoided this. It will be interesting to see if there are stronger subgroup associations in future studies.
In addition to V660L, we found some weak evidence that an association with PGR-05 polymorphism, an intronic polymorphism just upstream of V660L, is also associated with breast cancer risk. This polymorphism has a suggestive dominant protective effect in our SEARCH breast cancer cases (heterozygote risk OR, 0.90; 95% CI, 0.83-0.98; rare homozygote risk OR, 0.95; 95% CI, 0.81-1.12), but a larger sample size is needed to confirm this and, consequently, this polymorphism is worthy of further investigation in other populations. PGR-10 also showed some weak evidence of an association, but this may be explained by the fact that the rare PGR-10 allele is also present on the 660L haplotype. The P value for test of difference in haplotype frequency between cases and calculated using haploscore did not prove to be significant. The promoter region SNP, +331G>A (PGR-06), did not exhibit any significant differences in genotype distribution in set 1 or set 2 individually or when combined. A previous, smaller report had indicated that the rare allele was associated with a reduced risk in premenopausal women and an increased risk in the postmenopausal group (19) . However, our data indicated no significant difference in genotype distribution between premenopausal and postmenopausal cases (Supplementary Table S2) .
We have attempted a comprehensive SNP tagging study of the PGR gene. How certain can we be that we have evaluated all the common PGR SNPs and haplotypes? A cross-comparison of all 81 suitable SNPs identified in the NIEHS Environmental Genome Project analysis with our set of stSNPs showed 56 to be tagged on a pairwise basis with R P 2 > 0.80, and a further 24 tagged by a multivariate R S 2 > 0.79. The remaining SNP was the singleton SNP that failed assay design. This SNP, which has a minor allele frequency of 0.12 and is a nonsynonymous C>T polymorphism 1.8 kb upstream of the 5V untranslated region, is unlikely to be functional and, given that no other SNPs define the same haplotype, it is improbable that a real association has been missed by not typing it. By further analysis of the Environmental Genome Project PDR90 data set, we could exclude 28 subjects who clearly carried Africanspecific alleles, 10 and there remained 73 suitable SNPs. The same total haplotype and SNP tagging was found in this ''PDR62'' data set with our chosen stSNPs. Our confidence in the adequacy of the tagging is reinforced by the fact that the two SNPs originally examined in a previous study, and here genotyped in addition to the tagging set, were both in perfect linkage disequilibrium with a member of the tagging set in our set 1 genotyping-PGR-07 and PGR-08 with PGR-05 and PGR-03, respectively. Thus, they contributed no additional information. Using the Environmental Genome Project data, the gene was treated as a single block of linkage disequilibrium for the purposes of SNP selection (Fig. 1) ; however, different data sets and different SNP search methods may lead to different block structures; for example, Pearce et al. (36) identified SNPs over a wider genomic region and treated their data as four linkage disequilibrium blocks.
What is the maximum estimated disease risk associated with any of the common SNPs we have excluded from association with breast cancer? For all the SNPs studied, the maximum upper 95% CI for any OR was 1.21 for a heterozygote and 1.88 for a rare homozygote (Tables 2-4 ). Based on these upper confidence limits, the allele frequencies of the tagging SNPs and assuming an R P 2 of 0.8, the maximum OR associated with any SNP is unlikely to be >1.3 in heterozygotes and 2.8 in homozygotes.
What could explain the association we are seeing with the V660L polymorphism? It is possible that the rare L allele could affect splicing. The PupaSNP web tool (45) indicates that the presence of the rare allele of V660L may lead to the loss of a cis-acting, DNA-binding SF2-type splicing enhancer site, defining the intron/exon boundary. 11 This could lead to abnormal RNA splicing and exon skipping. In vitro functional assays will be necessary to determine the exact mode of action of variants at this residue.
Alternatively, the effect could be steric. Investigation into the conserved domain structure of the PGR protein shows this V660L polymorphism to be in the hinge region between the central zinc finger DNA-binding domain and the HOLI ligandbinding domain of the three-dimensional structure. It is possible that this nonsynonymous change from valine to leucine, a structurally similar residue differing from the former by an extra methyl group, will cause sufficient steric interference to upset the tertiary structure between the progesterone-binding domain and the DNA-binding region. A subtle change in this structure may affect the manner in which the homodimerized hormone/receptor complex binds and controls transcription from the response elements of certain downstream genes involved in mammary cell growth.
Another explanation is that the effects we are seeing with V660L are due to another polymorphism in strong linkage disequilibrium and hence carried on the same haplotypes. The PROGINS Alu insertion is in perfect linkage disequilibrium with the leucine allele of V660L. Its associated increased expression of the PR-B isoform, which is more transcriptionally active, may lead to PR-B-dependent stimulation of mammary cell growth. Further analysis of the NIEHS individual genotype data identified 16 SNPs to be in perfect linkage disequilibrium with V660L (R p 2 = 1). Of these, however, only one, the nonsynonymous polymorphism S344T, is a likely functional mutation. It would have a similar steric effect to that proposed for V660L, but would affect the progesterone-binding region of the PGR protein, possibly causing suboptimal ligand binding.
It is also possible that we could be seeing a true haplotype effect due to the combined effects of multiple variants. Both Leu 660 and Thr 344 add an extra methyl group to the tertiary protein structure, but neither is predicted to have a particularly dramatic effect on its own. However, because these two methyl-adding alleles, as well as the PROGINS Alu insertion, are inherited together on the same haplotype, they may have a much greater effect on PGR function in combination than alone.
In summary, we have found evidence that the haplotype associated with the V660L allele is associated with a small but significant increased risk of breast cancer, and we showed that other PGR haplotypes are unlikely to be associated with a measurably different risk of the disease. Further epidemiologic studies are required to confirm the risk associated with V660L and to determine if the risks in certain subgroups of carriers are sufficiently large to warrant cancer-preventative intervention. Other approaches would be needed to evaluate the functional basis of this association.
